Power recycling was implemented on a fully suspended prototype interferometer with arm lengths of 20 m. A wave-fkont-sensing technique for alignment control of the suspended mirrors was also implemented, which allowed for several hours of stable operation. A power-recycling gain of greater than 12 was achieved, a sigruficant increase over the highest gain in a suspended mirror Fabry-Perot Michelson interferometer reported to date. O
Introduction
One of the most exciting topics in both physics and astronomy in the coming century may be direct detection of gravitational waves. In addition to the interest in the nature of gravity as a proof of general relativity, gravitational-wave detectors have the potential to open a new window into the universe. Because of the overwhelming transrnissivity of gravitational waves-the universe is more transparent to them than even to neutrinos-the gravitational wave is expected to carry much more information about distant astrophysical phenomena. For the same reason, namely, that gravitational waves interact weakly with matter, the gravitationalwave-induced strain from some of the most promising When this research was performed, S. Sato (sato@icrr.u-tokyo.
ac.jp), M. Ohashi, M.-K. Fujimoto, M. Fukushima, and K. Waseda were with the National Astronomical Observatory, 2-21-1, Osawa, Mitaka, Tokyo 181-8588, Japan. S. Miyoki was with the Institute for Cosmic Ray Research, University of Tokyo, 5-1-5, Kashiwanoha, Kashiwa, Chiba 277-8582, Japan. N. Mavalvala 4) and TAMA300 (Ref. 5) ] laser interferometric detectors are now under construction. (GEO, German-British Cooperation for GravityWave Experiment; TAMA, Japanese Interferometric Gravitational-Wave Detector Project). All these detectors employ variants of a Michelson intederometer, with novel additions to the optical configuration to increase their sensitivity to gravitational waves. 6 Typically, the sensitivity of the interferometer is expected to be limited by seismic noise at low frequencies (below 10-40 Hz), by thermally driven fluctuations of the suspended mirrors at ktemediate frequencies (below 100 Hz), and by shot noise at higher frequencies. The shot noise, which is due to photon-counting statistics, is proportional to the square root of the light power, whereas the signal strength scales with laser power. The signal-tonoise ratio of the interferometer is then proportional to the inverse of *, and the shot-noise-limited sensitivity can be improved by means of increasing the light power incident to the interferometer. One technique to increase the effective power in the gravitational-wave detector is power recycling.' A schematic representation of the optical configuration for a power-recycled gravitational-wave interferometer is shown in Fig. 1 the antisymmetric ~o r t of the Michelson interferometer is operated on a dark fringe, most of the incident light returns toward the laser. A partially transmitting mirror placed between the beam splitter and the laser recycles this light back into the interferometer, increasing the effective power and thereby improvin the shot-noise-limited sensitivity by a factor where G,,, is the power-recycling gain.
Our main purpose in this study is to apply the power-recycling technique to a suspended Michelson interferometer with Fabry-Perot arm cavities for full testing of its feasibility for gravitational-wave detectors with this optical configuration. Power recycling was implemented in the TAMA project's 20-m prototype interferometer, which can most closely simulate a full-scale antenna, and we demonstrated a powerrecycling gain of the order of 10, which is required for TAMA300 and also for other gravitational-wave detectors.
Power Recycling
Referring to the optical arrangement in Fig. 1 , we see that the power-recycling mirror is placed between the light source and the rest of the interferometer. Since the fringe at the antisymmetric output of the recombined Fabry-Perot Michelson interferometer (FPMI) is controlled so as to keep the antisymmetric port dark, the FPMI can be regarded as a compound mirror with variable (complex) reflectivity. The power-recycling cavity is composed of the powerrecycling mirror and this compound mirror. Power is built up in the recycling cavity by means of maintaining the appropriate resonance conditions in the FPMI and the recycling cavity. The effective power incident on the beam splitter (main interferometer) is then increased by this optical power enhancement. The power-recycling gain (power enhancement factor) is defined as where, rRM and r,,,, are the amplitude reflectivities of the recycling mirror and of the FPMI, respectively.
In general, losses of a few parts per million (ppm) per encounter with a mirror surface can result in losses of the order of a percent in the FPMI, depending on the finesse of Fabry-Perot cavities and on the interference conditions set up in the Michelson interferometer. Assuming negligibly small loss for the powerrecycling mirror, A,, compared with total loss in the FPMI, AFPMI, G is approximated as From this expression we see that the maximum attainable recycling gain is limited by the total losses in the interferometer. Consequently, minimizing losses in the interferometer is critical for realizing a high power-recycling gain. High-gain recycling is essentially equivalent to building-up a high-quality, lowloss interferometer.
Experimental Setup
The experimental setup and schematic of the control system are shown in Fig. 2 . To mitigate the effects of acoustic noise and of fluctuations of the refactive index of the air, all the mirrors that make up the arm cavities, the power-recycling cavity, the mode cleaner (MC) cavity, and the beam splitter are housed in a vacuum system maintained at Tom. The interferometric optical components are suspended as masses at the end of a two-stage pendulum, where the eigenmodes of the pendulum are magnetically damped with eddy currents in the intermediate masses. The mirror suspensions are placed on optical breadboards, which are the uppermost masses of spring-mass stacks to provide W h e r isolation from seismic fluctuations. A coil-magnet actuation system is used for microscopic control of the positions and angles of each suspended optic.
There are four longitudinal degrees of f eedom to be controlled for the power-recycled FPMI. Error signals to sense deviations from the resonance of each optical length are obtained by a frontal modulation scheme,B which uses a combination of the PoundDrever-Hall technique9 and the Schnupp asymmetry readout scheme. The light source is a diode-pumped Nd:YAG laser (MISER Model 122-1064-500-F, Lightwave Electronics Corp.) with an emission wavelength of 1064 nm and an output power of 511 mW. The laser light is phase modulated at 40 MHz for the interferometric controls and at 18 MHz for locking the MC cavity.
The 20-m prototype interferometer is equipped with a suspended Fabry-Perot precavity as a MC, whose ma& function is to reduce spatial higher-order modes of Gaussian beam and beam-pointing fluctuations of the laser light. Since the electro-optic modulators used to impose the rf sidebands on the light can degrade the spatial mode, it is advantageous to place the electro-optic modulators before the MC and to transmit the 40-MHz rf phase-modulation sidebands resonantly for interferometric control through the MC cavity by means of choosing its length to be 3750 mm to make its free spectral range match 40
MHz.
Another important function of the MC cavity is that it serves as a stable frequency reference for the laser. We obtained the error signal for maintaining the MC cavity on resonance by imposing 18-MHz phase-modulation sidebands on the incident light and demodulating the light reflected from the MC cavity with an 18-MHz local oscillator. The appropriately filtered error signal was then split into two feedback paths: At low frequencies (<30 Hz) the MC mirrors are actuated to stabilize its length, and at higher Gequencies (>30 Hz) the laser frequency is slaved to the MC cavity by a control signal applied to the piezoelectric transducer actuator of the laser. In . other words, the emission frequency of laser light was locked to the length of the MC cavity, and the frequency was stabilized by use of the MC cavity as a frequency reference. The frequency noise of the laser was thus stabilized down to H Z /~ at 1 kHz, which facilitated acquisition of a lock of the main interferometer with relatively low-bandwidth feedback loops.
A small fraction of the light reflected from the res- In addition to the longitudinal degrees of freedom, each of the six optics has two angular degrees of freedom (horizontal and vertical tilts). Among the twelve angular degrees of freedom, differential-mode misalignment of the arm cavity mirrors can significantly degrade the power-recycling gain that is due imperfect interference at the beam splitter, which results in a lower reflectivity, rppM1, and, therefore, lower recycling gain. An alignment control scheme based on a wave-front-sensing technique was applied to all angular degrees of freedom of a fixed-mirror tabletop-scale power-recycled FPMI interferometer.lo We use the same technique but stabilize only the most problematic angular fluctuations. Some of the light at the antisymmetric port was diverted to a segmented 40-MHz-tuned photodetector, and the demodulated signal was filtered and fed back into the rear mirrors of both arm cavities differentially. The typical sequence for bringing the h l l interferometer into longitudinal lock was as follows: Upon engaging the four longitudinal control loops the two arm cavities locked first-within a few seconds in most cases-then the whole interferometer acquired lock. Without interferometric alignment control, this operating state could be maintained for more than 1 h in the absence of impulsive seismic excitations.
The power-recycling gain during a 100-s lock stretch is shown in Fig. 3 . Since only carrier light resonates in the arm cavity, this enhancement factor of transmitted light corresponds to the carrier recycling gain, Go. The large fluctuations ( S O % ) seen during the first 20 s were caused primarily by a vertical tilt motion of suspended mirrors with an 8-Hz eigenfkequency. The fluctuations in power-recycling gain were suppressed by engagement of the alignment servo, and finally the power-recycling gain was increased with dc gain boost, which brought the interferometer into an improved dc alignment state.
The finesse of each arm cavity was designed to be 130 to simulate the design of the full-scale detector.
With a power-recycling mirror reflectivity, r& = 0.7, and assuming the reflection efficiency of each cavity to be 99%, the observed recycling gain of 8 is almost the maximum that can be expected. In an alternative setup, using a recycling mirror with higher reflectivity, rZ,, = 0.9, the power-recycling gain was increased to Go > 12, as shown in Fig. 4 . In this configuration the optical matching of the recycling cavity with respect to the reflectivity of the FPMI was improved to near-critical matching, but it was still slightly overcoupled.
Two features of power recycling were found to be particularly important. First, to achieve a high recycling gain, carehl control of mirror losses was indispensable. We have confirmed that it is possible to fabricate ultra-low-loss optics with a total loss of less than 30 ppm per optic,ll which is low enough to achieve a power-recycling gain of 10 in the Ml-scale detector. To our knowledge, this was the first measurement of total loss for 10-mm beam and the best value for mirrors used in prototype-class interferometers. Second, implementation of wave-frontsensing alignment control was quite important for maintaining high reflection efficiency for both arm cavities and for reducing contrast defect. The recycling gain was dramatically stabilized and enhanced by use of the wave-front sensor. Stable operation of the power-recycled FPMI was realized to maintain lock for a few hours.
Summary
In conclusion, the experiment described was a demonstration of the highest power-recycling gain for a suspended mirror Fabry-Perot Michelson interferometer (FPMI) reported to date. With continuous operation of the TAMA 300-m antenna imminent, the 20-m prototype experiments have provided a timely demonstration of power-recycling in a fully suspended FPMI with optical parameters similar to those of the fdl-scale detector. This result will also form the basis of the optical design of a full-scale detector project such as the Large-Scale Cryogenic Gravitational-Wave Telescope. l2
